The toxin-antitoxin (TA) modules widely exist in bacteria, and their 21 activities are associated with the persister phenotype of the pathogen Mycobacterium 22 tuberculosis (M. tb). M. tb causes Tuberculosis, a contagious and severe airborne 23 disease. There are ten MazEF TA systems in M. tb, which play important roles in stress 24 adaptation. How the antitoxins antagonize toxins in M. tb or how the ten TA systems 25 crosstalk to each other are of interests, but the detailed molecular mechanisms are 26 largely unclear. MazEF-mt9 is a unique member among the MazEF families due to its 27 tRNase activity, which is usually carried out by the VapC family toxins. Here we 28 present the cocrystal structure of the MazEF-mt9 complex at 2.7 Å. By characterizing 29 the association mode between the TA pairs through various characterization 30 techniques, we found that MazF-mt9 not only bound its cognate antitoxin, but also the 31 non-cognate antitoxin MazE-mt1, a phenomenon that could be also observed in vivo. 32
5 mazF-mt3, mazF-mt6 and mazF-mt9 genes in the Mycobacterium bovis BCG or M. tb 72
H37Rv strains induced bacteriostasis (18, 19) . In addition, their respective encoded 73 products, mazF-mt1, mazF-mt3 and mazF-mt6 also responded to a variety of stresses 74 (18). MazFs are generally RNA endonucleases, acting on mRNA or rRNA. Using an 75 RNA-seq approach, Schifano et al. identified that the principal substrates for 76
MazF-mt9 were two tRNAs-tRNA Pro(GGG) and tRNA Lys(UUU) , and the cleavage 77 occurred within a UUU motif in either the D-or the anticodon loop (19) . MazF-mt6 adopts a PemK-like fold but lacks an elongated β1-β2 linker typically seen 90 in other MazF members. The structures of MazF-mt7 and the MazEF-mt7 complex 91 were determined immediately after the work on MazF-mt6, and the respective 6 interaction sites of the MazF-mt7 toxin with an RNA substrate and a new EDF 93 homolog were mapped using NMR spectroscopy (PDBs 5XE2 and 5XE3) (23). In 94 addition, the structures of MazF-mt1, MazF-mt3 and their variants in complex with 95 RNA or DNA were also released recently (PDBs 5HJZ, 5HK0, 5HK3 and 5HKC), but 96 the related work was not published. 97
Previously we determined the crystal structure of M. tb MazF-mt9 in its apo form 98 and investigated its biochemical properties (24). Structural analysis revealed a highly 99 positively charged dimer interface formed by MazF and we proposed that this deeper 100 and wider interface should be the structural basis for MazF to recognize and cleave 101 tRNA substrates. To further elucidate the molecular basis on which the antitoxin 102
MazE inhibits MazF's function, we solved the crystal structure of the M. tb 103
MazEF-mt9 complex at 2.7 Å and characterized the association mode between the 104 toxin-antitoxin pair. We found that MazF-mt9 not only bound to its cognate antitoxin, 105 it also bound non-cognate antitoxin MazE-mt1. Our studies suggested that toxins and 106 antitoxins from different families could cross talk, which may serve as a mechanism 107 to offset the toxicity to M. tb cells. 108 7 co-expression were unsuccessful because the two proteins failed to form a stable 114 complex, possibly due to the interference from the 8 × His-tag present at the 115 N-terminus of MazE-mt9. Therefore, the two proteins were individually expressed 116 and incubated together to allow their association and subsequent crystallization after 117 the removal of the tag. In the resulting cocrystal structure, two MazEs and MazFs 118 were present in the asymmetric unit. They each formed their own homodimers first, 119
and then a hetero-tetramer ( Fig. 1A) . While the two MazF monomers were very 120 similar in structure (a 0.21 Å RMSD over 112 Cαs, Fig. 1B ), α3' in one of the 121
MazE-mt9 monomers was degraded (chain D) but its counterpart in the other 122
MazE-mt9 monomer was intact. The two MazF-mt9 monomers were almost 123 completely resolved except for a small fragment close to the N-terminus (A17-G23 124 for chain A and A17-P22 for chain B respectively, Table 1 ). The more structured 125
MazE-mt9 monomer (chain C) consists of a β-strand and three α-helices, forming the 126 "head" (β1) and "tail" (α1-α3) domains respectively. The starting β-strand forms an 127 antiparallel sheet with its equivalent strand from the other monomer. α2 is the longest 128 helix in MazE-mt9 and these two helices from the two subunits cross over at an angle 129 of ~120 o . Chain C of the MazE-mt9 dimer binds across the dimer interface formed by 130
MazFs, and then it sharply bends at its α2-α3 junction, forming an angle ~90 o . α3' was 131 not well defined in our density map and it was probably degraded even before 132 crystallization. Additionally, MazFs form a dimer that is almost identical in shape to 133 that of its apo form (PDB 5WYG), with a 0.4 Å over 112 Cαs, indicating that the 134 binding of MazE-mt9 caused minimal structural rearrangements of the nuclease (Fig.  135 1C). 136
The binding mode of the M. tb MazEF-mt9 complex is closely related to that of B. 137 subtilis MazEF (BsMazEF, PDB 4ME7). Superimposition of the two complexes 138 revealed that the MazF dimer structures between the two species are very similar (not 139 shown), but the MazE dimers are somewhat different ( Fig. 2A) . Particularly, the 140 β1-α1 loop is longer in B. subtilis than its counterpart in M. tb (4 vs. 2 residues), 141 causing the residues in the α2-helix generally to translate ~5-8 Å. In addition, the 142 angle formed by the α2-and α3-helices in BsMazE is ~120 o while it is nearly a right 143 angle in M. tb, and the α3-helix is kinked in the former structure to make more 144 contacts with BsMazF. Interestingly, residues A17-G23 are invisible in M. tb MazF, 145 which are also disordered in BsMazF. Despite the dissimilarities in MazE, the general 146 binding mode between the toxin-antitoxin is conserved, in which the antitoxin 147 molecules occupy the interface of the toxin dimers. Our structure also resembles that 148 of the M. tb MazEF-mt7 complex (PDB 5XE3), but the starting fragment in 149
MazE-mt7 does not form an antiparallel sheet with the other monomer, and the α2 150 helix is more straight than its counterpart in MazE-mt9 ( Fig. 2B) . included the wild type (WT) and single mutants). As a control experiment, we first 172 checked the E. coli growth after the induction of mazF-mt9 alone. The expression of 173
MazF-mt9 nearly brought a complete stop to the bacterial growth, with the OD 600 174 curve plateauing at 0.6 ( Fig. 4A ). However, when MazF-mt9 was co-expressed with 10 similar growth rates to that of the strain transformed with an empty vector (which had 177 a doubling time less than 30 min), but elevated rates than that of the WT-transformed 178 strain in suspension cultures ( Fig. 4A and B ). These results indicated that MazE-mt9 179 bound so tightly to MazF-mt9 that mere single mutations would not disrupt their 180
interactions. Consequently, the association of MazE-mt9 with MazF-mt9 protected the 181 host tRNAs from MazF-mt9 degradation. The growth of E. coli colonies on LB-agar 182 plates showed a similar trend ( Fig. 4C and D) . These results were also in agreement MazF-mt9 at the 1:2 molar ratio resulted in 86% activity loss of cleavage activity (Fig. 191 5A and B). Similarly, pre-incubation of different single mutants of MazE-mt9 with 192
MazF-mt9 also inhibited the activity of MazF-mt9, but to lesser degrees. Of note, the 193 reaction with the D74A mutant exhibited the highest inhibitory effects, indicating that 194 the salt bridge of D74 with R87 and the hydrogen bonds with R81' and A84 were 195 crucial for the pairing of the two proteins ( Fig. 3A) . Surprisingly, E55 forms multiple 196 interactions with MazF-mt9, but its mutation barely affected the association of the TA 197 pair ( Fig. 5A and B) . 198
We lastly measured the affinity of MazE-mt9 to MazF-mt9 by Isothermal titration 199 calorimetry (ITC). The affinity of WT MazE-mt9 to MazF-mt9 is very tight, and K D is 200 in the nanomolar range (~17.5 nM) (Fig. 6A ). The single D74A mutation 201 approximately increased the K D value by 2-folds ( Fig. 6B ), while the 202 R46A-E48A-D74A triple mutation increased K D by 8-folds ( Fig. 6G ). Furthermore, 203
we removed the last helix containing D74, and this deletion mutant (SF62) completely 204 lost its binding capability to MazF-mt9, underscoring the significance of D74 to the 205 affinity between the MazE/F-mt9 complex. In contrast, other mutations did not cause 206 significant changes to the K D values ( Fig. 6B-H) . 207
Characterization of the affinity between heterologous MazE/F complexes. M. 208
tb contains ten MazF families. It is yet to be determined whether the MazF-mt9 209 family binds to other MazE members across the families. Although previously 210
MazE-mt1 has been shown to bind MazF-mt3 (25), it is not known whether it was an 211 individual case or a commonly occurring event. Structural analyses revealed that α3 212 of MazE-mt9 was key to the interactions with MazF-mt9. Additionally, secondary 213 structure predication suggested that both MazE-mt1 and MazE-mt3 adopted a similar 214 topology to that of MazE-mt9. Additionally, sequence alignment indicated that the 215 conservation with MazE-mt3 mostly occurs at the N-termini of both proteins whereas 216 the conservation with MazE-mt1 is mostly observed at the C-termini ( Fig. S1 ). 217
Therefore, MazE-mt1 would bind MazF-mt9 with higher affinity than MazE-mt3. As 218
MazF-mt9 whereas MazE-mt3 hardly had any effects. Due to the weakened binding 220 affinities of MazE-mt1 and -mt3, the unbound MazF-mt9 protein still showed "leaked" 221 activities even the antitoxin is in excess. In addition, the D69A mutation of MazE-mt1 222 (equivalent of D74A on MazE-mt9) abolished its binding, as did the SF62 mutation or 223 an irrelevant DNA-binding protein (Uracil-DNA glycosylase from Nitratifractor 224 salsuginis, NsaUNG, Fig. 7B ). These findings indicated that the activity of MazFs 225 could be differentially antagonized by MazEs from different families. 226
We next tested the in-vivo interacting abilities between the heterologous pairs 227 through the co-expression of mazE-mt1/mazF-mt9 and mazE-mt3/mazF-mt9. The 228 former resulted in the over-production of both the toxin and antitoxin molecules, and 229 the protein pair could be co-purified through the N-terminal 8 × His-tag fused to 230 MazE-mt1, suggesting stable interactions between them. These interactions, however, 231 could be effectively abolished by the D69A mutation in MazE-mt1, where the 232 induction of the pair harboring the mutation only generated the D69A mutant of the 233 antitoxin ( Fig. 8A and B) . In contrast, co-expression of mazE-mt3 with mazF-mt9 did 234 not produce significant amounts of either protein (data not shown). ITC results 235 showed that the K D value for the MazE-mt1/MazF-mt9 pair to be 59.3 nM, which 236 According to previous studies, not all MazEF TA systems work independently. In fact, 279 the relationships between different MazEF TA systems are rather complex in that they 280 have independent functions, but they can also work together toward a common goal. 281 and in vivo and proved that the cognate and non-cognate interactions indeed occur for 283 this peculiar MazF member. Both types of interactions are rather strong, as judged 284 from the dissociative constants (several tens milimolar range). These tight affinities 285 explained the observation that most mutations barely disrupted the interactions 286 between the TA pair. It also suggested that in vivo, the MazF-mt9 would be quickly 287 sequestered by cognate or even non-cognate antitoxins. However, there could be 288 discrepancies between the measured intensity of these interactions under the two 289 circumstances (in vitro and in vivo) and it appeared that the mutations consequences 290 in vivo were more moderate than in vitro. These differences were reasonable because 291 Most MazFs are nucleases, and their distinct substrate specificities allow them to 298 act on all three major types of RNAs (19, 27-32). mRNA cleavage inhibits synthesis 299 of a certain protein, and its impact is usually mild. Hence this type of translation 300 inhibition is considered as a minor "setback" for cellular processes. On the other hand, 301
tRNA cleavage leads to aminoacylation failure of a certain amino acid and will 302 certainly interfere with the synthesis of most proteins. Therefore, the tRNAse activity 303 of MazF-mt9 will cause major damages to cells. Worst of all, the degradation on 304 rRNA of the ribosome affects the translation process of all proteins, which is the most 305 serious consequence of all three types of RNA degradation. 306
Therefore, under most stressful conditions, many MazF members will work 307 synergistically. For example, the mRNA levels of mazF-mt1, mazF-mt3 and 308 mazF-mt6 have been reported to increase in the event of a variety of stresses such as 309 oxidation, nitrification, starvation and antibiotics treatment, suggesting that different 310
MazFs could respond to the same stress signal (18). Additionally, the differential 311 changes on expression levels suggested different participation extent of each member. 312
In another scenario, the knockout of all three, but not any of the single or double 313 genes of mazF-mt1, -mt3, -mt6 enhanced the susceptibility of M. tb to antibiotics. 314
These results suggested that MazEF TA systems could indeed coordinate with each 315 other to effect M. tb's survival under highly stressful conditions (18). 316
Previous work indicated that crosstalks exist not only between different MazEF 317 systems, but also between families outside the systems. For example, MazF-mt3 is 318 capable of interacting with not only MazE-mt1 (MazEF interactions), but also with 319
VapB24 and VapB25 from the VapBC system (non-MazEF interactions) (25). 320
Moreover, MazF-mt7 was found to interact with DNA topoisomerase I, a non-TA 321 system protein (33). Our study indicated that MazF-mt9 not only bound MazE-mt9 322 but also MazE-mt1, but the cognate interactions were much stronger than the 323 in-vivo in our study. Because both antitoxins could exist in vivo simultaneously, 325
MazE-mt1 may play a helper role in inhibiting the activity of MazF-mt9 when there is 326 not enough MazE-mt9 around. Due to the complexity of ten MazEF systems present 327 in M. tb, we could not check all the cross-interactions, but it is very likely that these 328 crosstalks exist between different systems. Zhu et al. think that these crosstalks 329 challenged the "one toxin-one antitoxin" paradigm (25). With more and more 330 crosstalk interactions being revealed, we think that TA systems will form an 331 "interactome" instead of the simple, idealistic "one-on-one" interactions held by 332 traditional views. The wide cross interactions will presumably help the cells to 333 recover rapidly from the persister condition once the stressful pressure is lifted. In this 334 case, both the cognate and heterologous interactions work together to reduce their 335 toxicities. We speculate that in-vivo, the cognate interactions are the prevalent forces 336 whereas the non-orthogonal interactions serve a secondary or accessory role to help to 337 reduce the amount of free MazF-mt9 and thus fine-tune the activity of this toxin. All data collection and refinement statistics are presented in Table 1 . 388 ITC measurements. ITC experiments were conducted at 25°C using a PEAQ ITC 389 titration calorimeter (Malvern instruments). To exactly match their buffer 390 compositions, the MazE and MazF proteins (WT or mutants) were dialyzed against 391 the same buffer containing 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 1 mM DTT. 392
The affinities were measured by titrating MazE or its mutants (250 μM) into MazF 393 (40 μM). The first injection of 0.5 μL was followed by 19 injections of 2-μL drops. 394
The MICROCAL ORIGIN software was used to determine the site-binding models 395 that produced good fits. Individual peaks from titrations were integrated and displayed 396 on a Wiseman plot. The first reading was removed from the analysis. The binding 397 affinity (K D ) and change in enthalpy (ΔH) associated with the binding events were 398 calculated after fitting the dataset. 399
In-vitro cleavage assays by the MazEF-mt9 complex. The preparation of the M. 400 tb tRNA Lys(UUU) transcripts was described in a previous protocol (37). 25 pmol of 401
MazE-mt9 was mixed with 50 pmol MazF-mt9 and incubated on ice for 30 min to 402 allow the formation of the complex. 0.6 μL of the complex was added to a reaction 403 mixture of 20 mM HEPES (pH 7.5), 50 mM potassium chloride, 1 mM DTT and 8 404 pmol of M. tb tRNA Lys(UUU) substrate, and were incubated at 37°C. The reactions were 405 stopped after 30 min by adding the 2 × formamide gel-loading buffer (95% w/v 406 formamide and 50 mM EDTA). The samples were denatured at 95°C for 5 min prior 407 ethidium-bromide staining. 409
The overexpression effects of MazF-mt9 or the TA pair on E. coli growth. A 410 single colony of the E. coli strain BL21 (DE3) cells carrying the pETDuet1/mazE-mt9, 411 pCold TF/mazF-mt9 or the pETDuet1/mazEF-mt9 co-expression plasmid was added 412 into 5 ml of Luria-Bertani broth containing 50 μg/ml ampicillin and was allowed to 413 grow with rotation at 37°C overnight. The next morning the saturated culture was 414 diluted to OD 600 = 1.0 with LB broth containing 50 μg/ml ampicillin, and inoculated 415 with 20 ml of LB. The OD 600 value was measured each hour after it reached 0.4. 416
Alternatively, LB culture with an OD 600 value of 1.0 was further diluted for 10-, 100-, 417 and 1000-folds, and 0.5 μL of each was transferred to LB-agar plates containing 418 ampicillin, which had been pre-treated with or without 0.1 mM IPTG. The growth of 419 E. coli colonies at 37°C on these two types of plates were monitored the next day. 420
Bacterium two-hybrid assay. The BacterioMatch II two-hybrid system 421 (Stratagene) was based on the his3-aadA reporter cassette (38). The amplified 422 mazF-mt9 gene was cloned into the EcolRIand XhoI-digested pBT plasmid, and the 423 similarly treated mazE-mt1 and mazE-mt9 genes were each cloned into the EcolRI-424
and XhoI-digested pTRG plasmid. Pairs of the bait and prey plasmids were 425 co-transformed into the E. coli XL1-Blue MRF' strain, and the co-transformants were 426 selected on M9-medium plates containing kanamycin (30 μg/ml), chloramphenicol 427 (34 μg/ml), tetracycline (12.5 μg/ml), and 3-AT (4 mM) and streptomycin (8 μg/ml).
22
The plates were incubated at 37°C for 3-4 days. Co-transformants expressing 429 pBT/LGF2 and pTRG/Gal11 P (Stratagene) were used as positive controls for expected 430 growth on the selective screening medium, while those containing the empty vectors 431
pBT and pTRG were used as negative controls. 432
ACCESSION NUMBER 433
The atomic coordinates and structure factors have been deposited in the Protein 434 Data Bank, www.wwpdb.org (PDB 6A6X). 435
436

SUPPORTING INFORMATION 437
Supplemental material for this article may be found at mBio. 
